As chips further shrink toward smaller scales, fabrication processes based on the self-assembly of individual particles into patterns or structures are often sought. One of the most popular techniques for two-dimensional assembly (self-assembled monolayers) is based on capillary forces acting on particles placed at a liquid interface. Capillarity-induced clustering, however, has several limitations: it applies to relatively large (radius > Ϸ10 m) particles only, the clustering is usually non-defect-free and lacks long-range order, and the lattice spacing cannot be adjusted. The goal of the present article is to show that these shortcomings can be addressed by using an external electric field normal to the interface. The resulting self-assembly is capable of controlling the lattice spacing statically or dynamically, forming virtually defect-free monolayers, and manipulating a broad range of particle sizes and types including nanoparticles and electrically neutral particles.
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capillarity ͉ electrohydrodynamics ͉ nanotechnology ͉ nanocrystal ͉ dipole-dipole interactions I nterparticle force-driven self-assembly processes are often used to form materials with desired micro-and nanostructures (1, 2) . In these processes, the forces, such as intermolecular or capillary forces, bring the particles together and cause them to arrange locally according to a pattern that depends on the orientational nature of these forces (1) (2) (3) (4) (5) . Many envisioned applications of nanotechnology and fabrication of mesoscopic objects strongly rely on the manufacturing of such micro-and nanostructured materials (6) (7) (8) . Future progress in this area will critically depend on our ability to accurately control the particle arrangement (e.g., lattice spacing, defect-free capability, and long-range order) in three dimensions (3D) and in two dimensions (2D) for a broad range of particle sizes, shapes, and types. Such a control in 2D will lead to the manufacture of controlled monolayers or ultrafine porous membranes with adjustable, but regular, pore sizes, and therefore with adaptable mechanical, thermal, electrical, and/or optical properties (e.g., controlled nanofluidic drug delivery patches with adjustable mass transfer properties across the patch, nanofilters for protein separation based on their sizes, electronic nanocircuits with improved performance in absence of defects, photonic devices, etc.).
A popular mean used to assemble particles is based on the phenomenon of capillarity (3) (4) (5) (9) (10) (11) (12) (13) (14) (15) . A common example of capillarity-driven self-assembly is the clustering of cereal flakes floating on the surface of milk. The floating cereal particles experience attractive capillary forces, because when two such particles are close to each other, the deformed interface around them is not symmetric because the interface height between the particles is lowered owing to the interfacial tension (9) (10) (11) (12) (13) (14) (15) . This lowering of the interface between the particles gives rise to lateral forces that cause them to come together. Capillarityinduced clustering has several deficiencies: (i) the resulting particle structure is usually not defect-free: defects take place because particles physically block one another (see Fig. 1a ) and the clustering lacks long range order; (ii) the lateral capillary forces become insignificant when the particle size is small (nanoparticle) [more precisely, when the dimensionless bond number, which accounts for the particle and fluid densities, is much smaller than one (9-15)], thus making particle assembly by using this method restricted to the manipulation of particles with radius Ͼ Ϸ10 m; and (iii) for a given particle and fluid system, the lattice spacing is not adjustable. The goal of this article is to present a method that is capable of overcoming such limitations.
Results
For this purpose, we have applied an electric field perpendicular to the interface, which, as we show below, allows us to manipulate the clustering of particles floating at an interface to form well controlled, and even active monolayers (i.e., capable of changing in time) (see the diagram in Fig. 2 ). The technique is capable of not only expanding an already assembled monolayer (such as that of Fig. 1a ), but also tuning the lattice spacing. can be expanded so that the particles in the dilated state are arranged on a triangular (hexagonal) lattice, and shrunk again by decreasing the electric field intensity. It is interesting to point out that the particle arrangements are very different before turning on the electric field ( Fig. 1a ) and after turning on the electric field and decreasing it to zero (Fig. 1c) . As previously mentioned, defects are present in the absence of an electric field. However, when the electric field is turned on and slowly decreased to zero (Fig. 1c) , the particles gain a well ordered, triangular (hexagonal) lattice arrangement and maintain it as the lattice distance decreases until the particles touch each other. Therefore, the interstices in between the particles (i.e., the pores of the ultrafine porous membrane) in this new state are also regular-the only irregularities remaining being due to the variation in the size of the particles themselves. The same phenomenon is illustrated in Fig. 3 for smaller particles (12 m of radius). In all cases, the new states display long-range order, which we have highlighted in Fig.  1c by drawing straight lines joining the particle centers; notice that the lines are oriented at an angle of 120°of one another, a value characteristic of a hexagonal lattice. As we show below, the electric and capillary forces between the particles are along the line joining their centers; therefore, the assembled lattice structure is hexagonal.
Underlying Physics. To our knowledge, this technique, together with the underlying interfacial phenomenon involved, has not been previously reported in the literature. In particular, the electrostatic forces involved are not those known to act on particles in suspensions subjected to a uniform electric field or on charged colloidal particles (including when such particles are located at a two-fluid interface). Instead, the idea presented here is based on the mismatch between the dielectric constants of the two fluids so that an electric force acts on the particles within the interface in the direction normal to the interface (this is accomplished by applying a uniform electric field that is itself perpendicular to the interface). Similarly, the electrostatic interactions among polarized particles, which normally cause the particles to cluster in the direction of the electric field when particles are suspended in a bulk fluid (mutual attraction leading to chain formation), create here repulsive forces instead, thus preventing the particles from clustering. To further explain this, we note that when the line joining the centers of two particles is perpendicular to the electric field, the force acting on them is repulsive and when it is parallel the force is attractive (16) (17) (18) (19) (20) (21) (22) (23) . The former orientation, however, is typically unstable, and therefore, particles of an electrorheological suspension cluster into chains aligned with the electric field direction. In the particle assembly technique presented here, however, the unstable orientation of particles (in which the line joining their centers is normal to the electric field) becomes stable because the particles are constrained by the interfacial tension to move at the interface, and thus the interaction force among them remains repulsive. The equilibrium separation between particles is then determined by the relative magnitudes of the lateral electric (repulsive) and capillary (attractive) forces, the latter depending on the normal electrostatic force. We now present the force and lattice spacing expressions.
Analysis of Forces. The analysis of forces presented below has been corroborated by numerical simulations. ‡ It is well known that the electric force acting on an isolated particle of a suspension subjected to a uniform electric field is zero (16, 17) . This, however, is not the case for an isolated particle at the interface in the presence of a uniform electric field for which the electric force in the direction normal to the interface is given by the expression:
where E is the electric field strength, a is the particle radius, p , a , and L are the dielectric constants of the particles, the upper fluid, and the lower fluid, respectively, 0 is the permittivity of free space, and 2 . Schematic of the device with a square cross-section used to assemble particles on the surface of corn oil. The distance between the electrodes is 0.6 cm and the cross-sectional dimensions are 1.9 ϫ 1.9 cm. The electric field is generated by two electrodes that are mounted at the top and bottom surfaces, and energized by using AC voltage. An AC electric field with a frequency of 100 Hz was used to ensure that the influence of conductivity was negligible. The electrostatic force acts on particles in both vertical (F ev) and lateral (Fel) directions. The particles also experience capillary forces, which are not shown. The liquid in the lower layer fills approximately one-half of the device. The experiments reported were performed with approximately monodisperse glass particles of radius between 2 m and 77.5 m. The density and dielectric constant of glass particles is 2.5 g/cm 3 and 6.5, respectively, and those of corn oil are 0.92 g/cm 3 and 2.87. The conductivity of corn oil is 32.0 pSm Ϫ1 and the interfacial tension between air and corn oil is 33.5 dyn/cm. Any moisture that particles might contain was removed by drying particles in an oven for Ͼ3 h at the temperature of 120°C. In this figure the vertical electric force acts against gravity, making the particles move upward and thus causing the interface around them to rise. The rise is larger in between the two particles, and thus, the lateral capillary force between them is attractive. 0 volt (before using E) 0 volt (after using E) Fig. 3 . Assembled glass-particle monolayers for particles with an average radius of 12 m. (Left) The monolayer was assembled under the action of capillary forces alone. (Right) The monolayer was formed by turning on the electric field and decreasing it to zero. Notice that the monolayer is relatively less organized than in Fig. 1 because the size variation of the particles is quite significant.
is an O(1) dimensionless function of the included arguments. The interface is assumed to intersect the sphere's surface at a point defined by the angle c , measured from the horizontal plane passing through the sphere center. The point of extension of the flat meniscus on the sphere determines the angle 1 and h 2 ϭ a (cos c Ϫ cos 1 ). Several assumptions were made to derive this estimate. First, both particles and fluids were assumed to be perfect dielectrics. In addition, the influence of electrowetting was considered only in the sense that it leads to a change in the effective contact angle that modifies the particle's position within the interface (24) , that is, the parameters c and 1 change. Notice that the previous force is zero when L / a ϭ 1, namely when (i) there is no interface or (ii) the two fluids have the same dielectric constant, which is consistent with well known results for particles suspended in a fluid subjected to a uniform electric field. It is also worth mentioning that the electric force depends on the particle radius a in a quadratic fashion, and on the dielectric constants of the particle, the upper fluid, and the lower fluid. In addition, it may act against or in the same direction as the buoyant weight depending on these parameter values.
The lateral electric force attributable to particle-particle interactions can be written as
where r is the distance between the particles and f 1 is an O(1) dimensionless function of the included arguments. The lateral electric force is repulsive and causes particles to move away from each other. Although this force is consistent with the general dipole-dipole interaction principle (25) , its expression differs from that of the well known dipole-dipole interaction force valid in a bulk fluid subjected to a uniform electric field. The main difference is due to the presence of the interface. The normal electric force causes the particles' positions within the interface to change, in some cases deforming the interface further and modifying the attractive (lateral) capillary force between the particles. The lateral capillary force, due to the vertical force acting on a particle, which includes the particle's buoyant weight and the vertical electric force in our case, is given by (9-15)
,
where f b is the dimensionless buoyant weight, which is a function of a / L , p / L , c , and h 2 /a, and ␥ is the interfacial tension. Here, a , L , and p denote the density of the upper fluid, the lower fluid, and the particle, respectively. It is noteworthy that the lateral capillary force depends on the net vertical force acting on the particles. The vertical electric force acting on the particles is important because it alters the particles' positions within the interface, thus causing the interfacial deformation around the particles to change. This leads to a change in the (attractive) lateral capillary forces (Eq. 3), which is especially important for small (micro-and nano-) particles. For such small particles, the balance between the particles' buoyant weight (which scales as a 2 ) and vertical capillary force (which scales as a) implies that, in the absence of an electric force (which scales as a 2 ) and under equilibrium, there is negligible deformation of the interface (9) (10) (11) (12) (13) (14) (15) 26) . Consequently, the lateral capillary forces are too small to move micrometer-and smaller-sized particles along the interface, and thus, such small (neutral) particles, in general, do not self-assemble [although small particles can self-assemble if they become charged (26) or if they have irregular contact lines (27) ]. In fact, it is known (9-15) that the attractive capillary forces are sufficiently large only when the particle radius is Ͼ Ϸ10 m. In the presence of an electric field (of the order of 10 6 volts/m), this restriction on the particle size can be overcome because the particles experience an electric force normal to the interface that scales as a 2 and thus remains significant even for nanoparticles. For small particles (Ͻ10 m), the capillary forces are thus fully electric-field-induced. For example, for a ϭ 2.0, E ϭ 3 ϫ 10 6 volts/m, f v ϭ 1, f l ϭ 1, a ϭ 100 nm, and r ϭ 2a, the electric repulsion energy is Ϸ17.0 kT, and the energy associated with the lateral capillary forces is Ϸ43.0 kT, indicating that the forces are larger than the random Brownian forces. Here, k denotes the Boltzmann constant and T the temperature.
Predicting Lattice Spacing. The lateral capillary forces (Eq. 3) dominate when the distance between the particles is larger than a critical value (these forces decay as r Ϫ1 ). However, the repulsive forces caused by the interparticles electrostatic interactions (Eq. 2) decay relatively faster (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) with the distance between the particles (these forces decay as r Ϫ4 ). Because the repulsive force decays faster than the attractive capillary force, there is an equilibrium distance at which the two curves intersect and the total lateral force acting on the particles is zero. The value of this equilibrium distance can be controlled by adjusting the electric field strength (see Fig. 1d ). Due to the fact that the electric field intensity can be varied with time, the control can be exerted in a dynamic fashion to form dynamic monolayers with adaptable characteristics and properties.
We now turn to an estimate of the equilibrium separation between two particles, obtained by equating Eqs. 2 and 3, which gives
for r eq /͑2a͒ Ͼ 1.
[4]
Notice that r eq /(2a) decreases with increasing particle radius a. In addition, although the equation itself allows values r eq /(2a) Ͻ1, those values are not physically possible and should therefore be excluded, because once particles come in contact of one another, the distance between them cannot decrease any further. Also note that, because for large particles the buoyant weight is much larger than the vertical electric force, r eq /(2a) increases with increasing electric field strength as E 2 ⁄3 . The attractive capillary forces for such particles are primarily generated by the interfacial deformation because of their buoyant weight. In the intermediate-size range, r eq /(2a) varies as E ␤ , with ␤ being between 2 ⁄3 and Ϫ 2 ⁄3, and decreases with decreasing particle radius and increasing electric field strength. These results are in excellent agreement with our experimental data for particles of radius a ϭ 37 m (Fig. 4) . For submicron-sized particles (a ϭ 1 m or smaller) for which the buoyant weight is negligible, r eq /(2a) decreases as E Ϫ 2 ⁄3 with increasing electric field strength. This behavior should be checked experimentally in the future.
Conclusions
Experiments performed by using glass particles, with radii between 2 and 80 m, showed that such particles sprinkled at a fluid-fluid interface in an electric field normal to the interface are subjected to electrostatic forces that, when combined with capillary forces, lead to particle self-assembly and thus lattices whose spacing can be adjusted by varying the electric field strength. Such self-assembly finds its root in the presence of a vertical electrostatic force, which, contrarily to the case of a neutral particle suspended in a bulk fluid in a uniform electric field, is nonzero. This force leads to a vertical capillary force and the deformation of the interface. An (attractive) capillary force is then also generated that, at equilibrium, balances the (repulsive) electrostatic particle-particle interaction force. The latter (including its scaling) is also different from the electrostatic particle-particle interaction force known in the case of particles suspended in a bulk fluid.
This particle-assembling technique offers various advantages compared with capillarity-induced self-assembly based on the particles' buoyant weight alone. First, the technique is applicable to both large and small particles. Although we performed experiments by using particles of 2 m or larger, we have also predicted (by using force analysis) that the technique is also applicable to smaller, submicron-sized, floating particles. In particular, it was shown that the lateral forces generated with this technique can overcome Brownian forces present in the case of nanoparticles.
Second, the lattice spacing of the assembled monolayers can be adjusted by varying the intensity of the electric field, and thus the properties of a monolayer. Because the electric field can be varied in time, such properties can be changed dynamically.
Third, the assembled monolayers display long-range order and, for particles of uniform size, shape, and electrical properties, should be inherently low in defects or even defect-free. This order is achieved when particles are away from each other and thus do not block each other. For lattices in which particles touch each other, this is achieved by applying an electric field sufficiently large to bring particles away from each other into a hexagonal pattern and then by decreasing the electric field to zero. The technique thus eliminates defects related to the initial positions of the particles but not those due to a possible nonuniformity in the particles' size, shape, or electrical properties. The equilibrium separation between two particles of radius a ϭ 37 m, as given by Eq. 4 for the experiment described in Fig. 2 , and the actual measured value are shown as functions of the voltage applied to the device. The electric force coefficients were numerically estimated (by using the numerical technique of ref. 23 ) to be f v ϭ 0.27, fl ϭ 0.019, and fb ϭ 0.64. From the experimental photographs we estimated c ϭ 76.5°. The agreement between the theory and the experimental data is very good, especially when the distance between the particles is Ͼ2.5a, considering that there are no adjustable parameters.
